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expression is impossible using these methods. Recently, the application of gene microarray technology has provided us with the ability to rapidly screen and monitor differentially expressed genes on a broader, genomic scale and, more importantly, to identify novel genes that were not suspected to be altered in the process of cardiac hypertrophy (nontargeted approach).
In providing an all-encompassing picture of gene expression changes, microarray technology has great potential. Nevertheless, determining the validity of a list of putative differentially expressed genes has proved to be a challenge. Problems arise in the separation of real changes from experimental variations due to inherent variability between samples, variability between subjects (age, strain, sex, natural variation in gene expression), and in the response to experimental manipulations. These problems are multiplied when studies are performed in vivo. Finally, there is still considerable debate regarding the appropriate methods for statistical analysis of such large data sets, where the potential for making a type I error is high.
To examine the pattern of altered gene expression during the development of cardiac hypertrophy, we utilized a well-established murine model of compensated pressure overload hypertrophy, transverse aortic constriction (TAC). We performed microarray GeneChip analysis on TAC and sham-operated littermates, after periods of 48 h, 10 days, and 3 wk. To address issues of sample variability, we utilized a four-step statistical protocol to rigorously identify differentially expressed transcripts. We validated our results for several previous described "hypertrophy genes" as well as several novel genes discovered in our study using SYBR quantitative real-time RT-PCR (QRT-PCR). Finally, we evaluated several methods for providing for adequate control conditions, including the effects of anesthesia, surgery, and secondary experimental manipulations. We demonstrate that controlling for these sources of potential data error is critically important for in vivo gene microarray studies.
MATERIALS AND METHODS
Animal preparation. Three-month-old male FVB mice (body wt 28-33 g) were used in all studies to reduce variability in gene expression due to gender or strain. Mice were housed in similar conditions in the research animal facility at Stanford University. All protocols were approved by the Stanford Administrative Panel for Laboratory Animal Care and were consistent with the Guide for the Care and Use of Laboratory animals published by the National Institutes of Health.
Anesthesia was induced with 3% isoflurane and maintained with 1.5% isoflurane. TAC was performed (n ϭ 5 in each group) via a left medial thoracotomy incision, avoiding the pleural space and hence the need for artificial ventilation, as described by Rockman et al. (38) . A 7-silk suture was placed around the transverse aorta between the left common carotid artery and the brachiocephalic trunk and tied tight around both the aorta and a 27-gauge needle, which was then removed, yielding a reproducible degree of constriction. Sham-operated controls consisted of age-matched littermates which underwent an identical surgical procedure including isolation of the aorta, only without placement of the suture.
At 48 h, 10 days, or 3 wk after surgery, mice were killed, and hearts quickly were removed, weighed, and placed in RNALater solution (Qiagen, Valencia, CA) for 1 h to prevent RNA degradation. Heart weights and body weights were recorded.
In a first control study to determine the acute and chronic effects of anesthesia and surgery, we examined gene expression in a separate group of sham mice 2 h, 48 h, 10 days, and 3 wk after operation and compared gene expression profiles with mice that had not undergone any surgery (n ϭ 4-6 in each group). In a second control study, to determine whether a commonly used method to check the adequacy of the TAC procedure affected gene expression, we allowed TAC and sham mice (n ϭ 4 in each group) to recover for 1 wk, then measured the blood pressure gradient across the band by direct cannulation of both carotid arteries. Mice were killed within 40 min after this procedure.
GeneChip preparation. At no time were samples pooled between mice in any experimental group. Total RNA was isolated from 45-60 mg heart tissue using the RNeasy Mini Kit from Qiagen, and 5-10 g RNA was then reverse transcribed to double-stranded cDNA. cDNAs were purified via Phase Lock Gel-phenol/chloroform extraction followed by ethanol precipitation. Labeled cRNA was synthesized by incubation of 1 g cDNA with biotin-labeled ribonucleotides and RNA polymerase for 5 h at 37°C using the BioArray High Yield RNA transcript labeling kit from Enzo Diagnostics (Farmingdale, NY). At each step, concentration and purity of RNA samples were checked by measuring absorbency in a spectrophotometer at 260 nm and the 260 nm/280 nm ratio, respectively. Integrity of RNA was determined using formaldehyde agarose gel electrophoresis. cRNA transcripts were purified from the in vitro transcription (IVT) reaction using the RNeasy Mini Kit. Biotin-labeled cRNAs were then fragmented by heating. Hybridization of these fragments to the mouse genome array U74Av2 (Affymetrix, Santa Clara, CA) and scanning for signal intensity were carried out by the Protein and Nucleic Acid Biotechnology Facility at Stanford.
Data analysis. To determine differentially expressed genes in the mouse heart after TAC, raw data was first analyzed using Affymetrix Microarray Suite 5.0 software. Briefly, the U74Av2 oligonucleotide GeneChip contains 12,488 known genes and expressed sequence tags (ESTs). Each gene/EST probe set is represented on the GeneChip by 20 pairs of perfectly matched (PM) and mismatched (MM) oligos. The number of instances where the PM signal was greater than the MM signal was determined, and the average of the logarithm of the PM:MM ratio was used in a matrix-based algorithm that determined whether a particular cRNA was actually detected (present), not detected (absent), or marginally detected (marginal). The results were next published via the Affymetrix Micro DB software, and the Data Mining Tools 3.0 analysis package was used to display the query results, evaluate and compare replicate data, and calculate fold changes.
An individual gene had to be called "present" in at least two of the total (8-9) samples for inclusion in our study. Comparisons were then performed between each experimental and matched sham group (48 h TAC vs. 48 h sham; 10 day TAC vs. 10 day sham; 3 wk TAC vs. 3 wk sham) by a two-tailed, unpaired Student's t-test to identify those differentially expressed genes. Analyses were then performed to determine the effects of choosing more or less conservative P values (Ͻ0.001, Ͻ0.01 and Ͻ0.05). Based on these comparisons, a P value Ͻ0.05 was adopted for final studies. Additionally, a minimum value of "fold change" of 1.5 was used as another filter factor (see RESULTS) .
The filtered data sets were then uploaded into the NetAffx Gene Ontology (GO) Analysis Mining Tool (Affymetrix) to review a graph of GO terms associated with those data sets. GO Mining Tool software provided the readily available GO terms for annotated genes and graphical, interactive views of the biological process and molecular function. Transcripts in our data sets that were identified as significantly changed (P Ͻ 0.05), and with a fold change Ͼ1.5 in the TAC group compared with the sham, were categorized into 12 functional groups.
Confirmation of the GeneChip data. Verification of altered gene expression was performed by SYBR QRT-PCR using the same total RNA used for the microarray analyses. Seven genes previously well described as up-or downregulated by the hypertrophic process, and three novel genes found in our study, were selected for QRT-PCR: atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), sarcoplasmic reticulum calcium ATPase (SERCA), ␣-skeletal muscle actin, early growth response 1 (EGR-1), Jun oncogene (c-Jun), calcium/calmodulin-dependent serine protein kinase (CaM kinase), pigment epithelium-derived factor (PEDF), proliferation-related Ki-67 antigen (Ki-67), and secreted frizzled-related protein 3 (SFRP3). The SYBR QRT-PCR reaction was performed in 96-well plates in reaction buffer containing 5 mM MgSO 4 (QuantiTect SYBR Green RT-PCR Kit, Qiagen), 0.5 M gene-specific primers (Table 1) , and 50-100 ng/well of total RNA. Assays were performed in an ABI Prism 5500 sequence detection system (Applied Biosystems, Foster City, CA). Samples from each mouse were run in triplicate and averaged for final RNA quantitation. The results were compared with GeneChip data by Student's t-test using Statview software (SAS, Cary, NC).
RESULTS
Acute and chronic effects of anesthesia and surgery. There were marked changes in gene expression due to the stress of anesthesia and surgery, beginning as early as 2 h postoperatively, with many persisting much longer than anticipated. When comparing sham-operated mice with nonstressed controls (without any surgery and anesthesia) at 48 h postoperatively (using a filtering algorithm, described below, including transcripts with at least two "present" or "marginal" calls out of all samples and a value of P Ͻ 0.05), there were a total of 805 genes upregulated and 1,376 genes downregulated, indicating a very strong influence on cardiac gene expression induced by surgical stress in the mouse (Fig. 1) . Unexpectedly, some of these changes persisted for weeks. Using the same filtering algorithm, there were 702 genes upregulated and 1,088 genes downregulated in the sham-operated animals at 3 wk. Acute effects of double-cannulation procedure. Double carotid cannulation has been routinely utilized to evaluate the degree of TAC by measuring the blood pressure gradient between the right and left carotid arteries. This procedure is performed under anesthesia, but is considered less invasive than the TAC procedure, as it does not require entry into the chest cavity and can be accomplished fairly rapidly by a trained technician. Analyzing the results of 12 mice undergoing double cannulation, we found an excellent correlation between peak systolic pressure gradient and heart weight-to-body weight ratio (data not shown). However, the stress of the doublecannulation procedure triggered the alteration of a large set of genes ( Fig. 1 ) when compared with non-operated controls, even though heart samples were obtained within 30 min of the initiation of anesthesia.
Thus, based on the results of these two preliminary studies, to accurately control for gene expression changes associated solely with the hypertrophic process, we used as controls mice that had undergone sham surgeries at the same time point as the TAC mice and avoided the use of double cannulation prior to gene analysis. Because of similar concerns about the effects of stress on gene expression, we also avoided the use of echocardiography for assessment of the banding procedure. Instead we relied on visual examination of the band at the time of necropsy, the presence of a size discrepancy between the right and left carotid arteries, and most importantly an increase in heart weight/body weight ratio as an indication of the success of the TAC procedure. TAC induced a reproducible degree of cardiac hypertrophy as quantified by heart weight-to-body weight ratios, which increased by 30% at 10 days and 64% at 3 wk (Table 2) .
Quality control and data analysis. To determine whether a specific gene is actually present in the sample, Affymetrix Microarray Suite software categorizes genes into present (P), marginal (M), or absent (A) based on the relative signal intensity of the transcripts on the GeneChip. Out of 12,488 probe sets on the Affymetrix GeneChip, an average of 5,225 (SD 327) genes and ESTs were identified as "present" in our samples, for an average of 42% (SD 2.6) (this serves as a quality control for the sample, with the expected percentage being 35-50%). Genes with low signal intensity, generally signifying a low expression level, are identified as "absent." Analysis of fold changes in a specific gene in which an absent call was made across all of the samples would appear to be meaningless, although there is disagreement on whether this labeling algorithm should even be used. Thus, to further evaluate the effect of this algorithm, we examined the total number of genes identified as up-or downregulated under increasingly stricter criteria: first all genes, then genes with a minimum of one, two, three, four, or five "P" or "M" calls in both TAC and sham groups (Fig. 2) . Based on this analysis, it was evident that most of the filtering occurred when a requirement for a minimum of 1 "P" call was included. Thus we chose to filter our expression data so that only transcripts with at least two P or M calls out of all samples were included. Using these initial filtering criteria, 5,982 transcripts were selected at 48 h, 5,797 transcripts were selected at 10 days, and 5,593 transcripts were selected at 3 wk for further analysis.
We next determined the influence of increasing levels of statistical stringency to determine an appropriate cutoff P value that would generate a manageable number of genes without an Values are means, with SD in parentheses; n ϭ 4 at 10 days and n ϭ 5 at 3 wk. TAC, transverse aortic constriction. *P Ͻ 0.01 comparing TAC with sham-operated mice.
excessive risk of eliminating important positive findings (type I error). Analyses were performed gradually less stringent using P values of 0.001, 0.01, and 0.05 after 48 h, 10 days, and 3 wk of TAC on data previously filtered as noted above. The numbers of differentially expressed genes, comparing TAC with sham-operated controls at each P value, are listed in Table 3 .
As expected, increasing the stringency by decreasing the P value from 0.05 to 0.001 had a major impact on the number of transcripts identified as significantly altered. Within the transcripts that passed the P Ͻ 0.05 cutoff criterion, only 3-15% also passed the P Ͻ 0.001 cutoff criterion (Table 3) . With the most stringent P value of Ͻ0.001, we would expect any genes identified to have the highest probability of being truly differentially regulated (lowest type II error). Figure 3A illustrates the effect of different P values on the 10-day samples, plotting a total of 5,797 transcripts. Points above the top horizontal line represent the 149 transcripts identified as upregulated with the highest level of confidence, those that passed the most stringent threshold (P Ͻ 0.001).
However, choosing too stringent a P value would significantly increase the potential for false negatives (type I error) and could result in data showing involvement of a novel pathway being lost. Thus we elected to use a less stringent P value of Ͻ0.05 to generate a list of eligible genes, with the knowledge that further confirmation, e.g., by RT-PCR would be required. We then applied one final filter to the data set, an analysis of fold change, representing the percent increase (or decrease) in signal between experimental and control samples. When this filter was set at 1.5-fold, this approach resulted in the selection of one-third of all previously positively identified transcripts (Fig. 3B ).
There remain inherent problems with these filtering criteria. Selection of differentially expressed genes based on fold change favors genes with baseline low signal intensity. To correct for this, we utilized a minimum signal intensity value: for transcripts that were upregulated, the value of signal intensity in the TAC group was set at Ͼ500, and for transcripts that were downregulated, the value of signal intensity in the sham group was set at Ͼ500. Only a very small number of transcripts were filtered by these last steps. A summary of our approach to GeneChip data analysis is outlined in Fig. 4 .
Detection of genes differentially expressed after 48 h, 10 days, and 3 wk of TAC. After 10 days of TAC, there were 269 transcripts identified as upregulated by our filtering algorithm. Of these, 175 transcripts were upregulated only at 10 days and had returned to baseline by 3 wk. After 3 wk of TAC, 203 transcripts were identified as upregulated. Of these, 109 were upregulated only at 3 wk. There were only 38 transcripts uniquely upregulated after 48 h of TAC. The expression of 83 transcripts was elevated at both 10-day and 3-wk time points, and 11 transcripts showed increased levels at all three time points (Fig. 5) . Half of the differentially regulated transcripts represented known genes, and the remainder were unannotated ESTs. Table 4 lists a subset of upregulated genes with at least a twofold change (TAC vs. sham). List A shows those transcripts concordant for upregulation at both 10 days and 3 wk. These transcripts included those previously associated with cardiac hypertrophy, e.g., ␣-skeletal muscle actin, slow myosin heavy chain, osteoblast-specific factor 2 (29), and thrombospondin-1, as well as some novel genes, e.g., PEDF. List B shows those transcripts upregulated at 48 h only, including natriuretic peptide precursor type B (BNP). List C shows those transcripts showing the number of transcripts at 48 h, 10 days, and 3 wk using the Affymetrix system for identifying genes as either "present" or "marginal" based on the number of matched or mismatched oligonucleotide pairs. The leftmost bars show the total number of genes on the Affymetrix U74Av2 GeneChip compared with genes identified as showing a minimum of one, two, three, four, or five present or marginal (grouped together here as "P") calls. Categorization of differentially expressed genes. We next categorized known transcripts into 12 functional groups using the GO Mining Tool, based on their biological function ( Table  5 ). The first six categories divide transcripts based primarily on Fig. 3 . A: visual representation of different filtering algorithms (using different P values) on the number of positively identified genes. Each point represents one of 5,797 genes with at least two "P" calls, plotted after 10 days of transverse aortic constriction (TAC). The x-axis shows the log2 fold change in gene expression. The y-axis shows the Ϫlog ratios of the various P values. The top horizontal line in the graph represents a P value of 0.001. The bottom horizontal line represents a P value of 0.05. It is evident that identification of differentially expressed genes is greatly influenced by the stringency of the cutoff P value. B: visual representation of the filtering algorithm using as a cutoff a fold change in gene expression of Ͼ1.5, represented as those points lying outside the two vertical lines. The 274 points in the top right sector are upregulated genes that passed the thresholds of a P value Ͻ0.05 and a fold change Ͼ1.5 fold. The 164 points in the top left sector are downregulated genes passing the same filtering criteria. Fig. 4 . Flow chart demonstrating the effects of each data mining filtering step on the number of differentially identified transcripts between TAC and sham-operated mice. All transcripts were subjected to three filtering steps: transcripts were first selected with at least two "present" (or "marginal") calls; then data sets were filtered by Student's t-test with a P value Ͻ0.05; next, only transcripts that showed a fold change Ͼ1.5 were filtered. Application of these criteria identified 438 differentially expressed transcripts at 10 days and 333 transcripts at 3 wk, whereas only 57 genes at 48 h passed these filtering steps. Finally, signal intensity values were used to identify genes that were upregulated (signal intensity in the TAC group Ͼ500) and genes that were downregulated (signal intensity in the sham group Ͼ500). biological process (e.g., apoptosis); the next six are based primarily on molecular function (e.g., signal transduction). For example, of the 12,488 transcripts on the Affymetrix U74 mouse GeneChip, 192 were classified in the apoptosis pathway. Of these, three transcripts were upregulated after 10 days and four transcripts were upregulated at 3 wk. The absolute largest number of upregulated transcripts were in the biological function groups related to metabolism, cell growth and cell communication, and in the molecular function groups related to binding activity and enzyme activity.
Confirmation with SYBR QRT-PCR. Seven previously wellcharacterized cardiac hypertrophy-associated genes were selected for validation by QRT-PCR, and the results were compared with GeneChip data at two time points: ANP, BNP, ␣-skeletal muscle actin (the predominant form in fetal hearts), CaM kinase, EGR-1, and c-Jun (immediate-early genes). At 10 days, six of the seven genes showed good correlation between QRT-PCR and GeneChip in terms of both the direction and magnitude of change (Fig. 6A ). For four of these genes, there was concordance in statistical significance, whereas for one (ANP), the increase in expression was noted to be significant by PCR but not by GeneChip, although the direction of change and magnitude were similar. A larger sample size would probably have produced concordance in this case as well. The exception was for CaM kinase, which was found to be upregulated by PCR but not on the GeneChip. At 3 wk, some of the earlier differentially expressed genes (e.g., ANP, EGR-1 and c-Jun) had already returned to baseline (Fig. 6B ). PCR and GeneChip again showed good concordance for six of these seven genes, with the exception being Serca 2, which was identified as downregulated on the GeneChip but not by QRT-PCR. The highest level of correlation between QRT-PCR and GeneChip was for ␣-actin, EGR-1, ANP, and BNP genes (Fig.   Fig. 5 . Differential expression of genes in TAC vs. sham-operated mice, comparing 48 h, 10 days, and 3 wk. We found 24 genes were upregulated after TAC only at 48 h, 172 upregulated only at 10 days, and 109 upregulated only at 3 wk. We found 83 genes upregulated at both 10 days and 3 wk, 3 genes upregulated at both 48 h and 10 days, and 11 upregulated at all three time points. , which all had high signal intensity on the GeneChip (high levels of expression). In contrast, there was a poor level of correlation for c-Jun and CaM kinase, which both had low signal intensity on the GeneChip (low levels of expression). We also performed QRT-PCR for three novel genes that have not been previously associated with cardiac hypertrophy in the literature: PEDF, Ki-67, and SFRP3. Two of these showed a high degree of correlation with GeneChip results (Fig. 7) . However, there was a lesser correlation with the GeneChip profile for Ki-67, which had a low level of signal intensity. Overall, these QRT-PCR results represent a 70% concordance with GeneChip data, with the highest level of concordance for those genes with high signal intensity on the GeneChip. Represented here are only genes with known function; expressed sequence tags (ESTs) have been eliminated. Data were filtered according to the criteria shown in Fig. 4 . Signal intensities of the TAC group and P values are also shown. Asterisks shown after the GenBank ID indicate those genes also upregulated at 48 h. The number of altered transcripts (up-or downregulated) and the percentage (in parentheses) of differentially expressed genes compared with the total number of genes in each category is given. 
GENE EXPRESSION AFTER AORTIC BANDING IN MICE
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DISCUSSION
In the present study, we used microarray GeneChip technology to identify a set of genes with altered cardiac expression during the development of physiological hypertrophy. Pressure overload was induced by TAC, a model that closely resembles the clinical scenario observed in patients with coarctation of the aorta and is somewhat similar to that in patients with aortic stenosis or systemic hypertension. We chose a degree and duration of TAC that does not induce cardiac failure or decompensated hypertrophy.
Delineation of an adequate control group has long been a standard of physiological research, especially for in vivo animal models of cardiovascular disease, where perturbations induced by surgical manipulations may be greater than those induced by the experimental condition. Unfortunately, it not uncommon for this to be forgotten when new technologies are first employed, and this has been the case for many early studies utilizing gene microarrays. The need for careful attention to experimental variables has led to the establishment of a set of guidelines for publication of studies using microarray technologies (2, 7, 17, 36) . However, the degree to which gene array data is susceptible to alteration by common experimental variables such as anesthesia and surgery, and the duration of these alterations, has not been well characterized for cardiovascular disease models. The present study shows how critical it is to define exacting controls when evaluating gene expression. An acute stress, such as induced by anesthesia, a major surgical procedure, or even a "minor" procedure, such as vessel cannulation, can have significant effects on cardiac gene expression, beginning within the first few minutes or hours. The shortest interval between the initiation of the surgical procedure and gene expression analysis that we studied was 45-60 min, although it is likely that even shorter durations of stress could alter expression of some early response genes (35) . The breadth of gene expression changes related to stress was dramatic, with a large number of genes altered after the double-cannulation procedure. Furthermore, some of these changes can persist for as long as a week after surgery, so that sham operations where the procedure is as nearly identical to the experimental condition are the most robust controls. To minimize the likelihood of interference from recent procedural stress, we used heart weight-to-body weight ratio to confirm the results of banding (31, 39) . Whether newer techniques of nonanesthetized echocardiography in mice result in less (or more) stress and the induction of less (or more) gene changes is not known.
The utility of microarray technology in biomedical research is highly dependent on the development of bioinformatic and statistical methods used for analysis of such large data sets. Previous reports have utilized varied statistical models based on differing assumptions (25, 34, 44) ; however, there is as yet no unified approach to analysis of microarray data. In the present study, we examined the effect of choosing increasingly more stringent criteria on the size of the resulting data sets. Based on our preliminary studies, we developed a four-step statistical approach to identify differentially expressed genes, illustrated in Fig. 4 . An initial filtering step was based on the Affymetrix algorithm for calling a particular transcript "present" or "absent" based on a comparison of signals from perfectly matched vs. mismatched oligonucleotide pairs. As expected, the application of this filter reduced the number of genes in the data sets dramatically; however, this effect was maximized by requiring that at least two samples show a "present" or "marginal" call. This first filtering reduced the data set by 50%, from ϳ12,000 transcripts to ϳ6,000. A second filtering step was then applied using Student's t-test for statistical comparison, with increasingly stringent P values (Fig. 3A) . We chose a P value of Ͻ0.05 to reduce the possibility of filtering out relevant gene changes, although with a larger sample size, the use of a lower P value could be justified. Selection of an overly stringent P value (P Ͻ 0.001) markedly truncated the data set and introduced the risk of a type I error. The last filter applied was related to fold change. The ideal algorithm for gene microarray analysis would ensure that we neither miss biologically important genes with a small fold change, nor misidentify genes with large fold change but no statistical significance due to high inherent variability. By applying the cutoff of Ͼ1.5 fold change to our data set, we identified 53 potential genes (38 upregulated and 15 downregulated) after 48 h, 429 genes (269 upregulated and 160 downregulated) after 10 days, and 327 genes (203 upregulated and 124 downregulated) after 3 wk of TAC. Adding an additional filter related to signal intensity eliminated less than 10 genes from each of these three data sets, implying that the transcripts that "survived" our first three filtering criteria were those that already had relatively high levels of expression as illustrated by higher signal intensities.
Correlation of GeneChip results with QRT-PCR or Northern blot is an important part of confirming whether a specific transcript is up-or downregulated. Our QRT-PCR results demonstrate a 70% concordance with GeneChip data, which is consistent with the findings of Rajeevan et al. (37) . Their results are also in agreement with our finding that the degree of correlation between GeneChip and QRT-PCR is related to hybridization intensity, with the highest level of concordance for those genes with the highest signal intensity on the GeneChip.
During the development of compensatory hypertrophy, the greatest number of upregulated transcripts was in the biological functional groups related to metabolism, cell growth, and cell communication, and in the molecular function groups related to binding activity and enzyme activity. As expected, TAC mice showed enhanced expression of several immediate early genes and embryonic marker genes classically associated with the development of cardiac hypertrophy, i.e., EGR-1, c-Jun, BNP, and ␣-skeletal muscle actin. Our study also identified several hypertrophy-related genes only more recently reported by others: osteoblast-specific factor 2 (24, 29) , angiotensin converting enzyme (27) , four and half LIM domains (50), Bnip3L/Nix (51), thrombospondin, fibrillin, biglycan, S100 calcium-binding protein isoform, epithelial membrane protein 1, and fibulin 2, as well as several extracellular matrix genes encoding procollagen isoforms (29, 47) .
There were many differential changes in gene expression between the 48-h, 10-day, and 3-wk time points. As seen in Fig. 5 , only 11 transcripts were increased at all three time points; however, there was temporal variance in their level of expression. For example, BNP expression was highest at 48 h (3.5-fold change) and decreased thereafter (1.7-fold at 10 days and 1.4-fold at 3 wk). A similar pattern was seen for interferon-␤ (3.9-, 2.5-, and 2.0-fold changes at 48 h, 10 days, and 3 wk, respectively). Among the 269 transcripts upregulated at 10 days, 172 were uniquely upregulated at this time point, including early growth response gene, c-Jun, procollagen, and elastin. All had returned to baseline levels of expression by 3 wk. Our study demonstrated only a small number of genes (38) that were upregulated at 48 h compared with the sham controls, largely due to the elimination of many additional genes that were also upregulated due to surgical stress. Of these 38, 24 were limited to the 48-h time point, 3 remained upregulated at 10 days, and 11 showed persistently increased expression at both 10 days and 3 wk (Table 4) .
Our results have both similarities and differences to the TAC data of the CardioGenomics group, documented on their web site (10) . For example, this group also reported elevated expression of several genes at 48 h: ␣-skeletal muscle actin (1.7-fold increase in our data set vs. 1.9-fold in theirs), BNP (3.5-fold vs. 15.7-fold), spi2 proteinase inhibitor (2.0-fold vs. 2.5-fold), and interferon-␤ (3.9-fold vs. 14.8-fold). They did not find any change for three of the novel genes reported in our study: PEDF, Ki-67, and SFRP3, even though we confirmed upregulation for two of these three by QRT-PCR. In contrast to the present study, the CardioGenomics study utilized a smaller sample size (n ϭ 3) and a more heterogenous level of TAC (echo Doppler gradients in their study ranged from as low as 16 mmHg to as high as 82 mmHg), as well as a different algorithm for statistical analysis (cluster analysis). Notably, we filtered low-intensity signals (Ͻ500) to eliminate background noise, whereas in the CardioGenomics study, 1/3 of their 48-h samples had signal intensities Ͻ500. By applying more stringent criteria, fewer transcripts "survived" our filtering steps. Finally, we avoided stressing the animals after the initial surgery, whereas in the CardioGenomics study, TAC gradient was measured with echo Doppler. This additional stress may explain some of the differences between the two data sets, especially in the expression of early response genes.
Our analysis also identified several novel hypertrophy-associated genes, e.g., Ki-67, which showed a dramatic sixfold increase at 10 days. Although the correlation between GeneChip and QRT-PCR was low for this transcript, even by PCR four of the five TAC samples were increased compared with the sham samples. Ki-67 is a nuclear antigen expressed in proliferating but not in quiescent cells. Expression of Ki-67 occurs preferentially during late G 1 , S, G 2 , and M phases of the cell cycle, whereas in cells in G 0 phase Ki-67 antigen cannot be detected (41) . Since the expression of Ki-67 is strictly associated with cell proliferation, it is widely used as a "proliferation marker" for cycling cells in tumor diagnosis (40) . The increased expression of this transcript would be unexpected based on the classic dogma that cardiac myocytes are terminally differentiated cells and are unable to reenter the cell cycle and divide. This contention has been challenged more recently by several studies which demonstrate that the number of ventricular myocytes does increase in the decompensated human heart (32) and document myocytes in the mitosis stage (21). Beltrami et al. (3) showed Ki-67 antigen present in the nuclei of myocytes from both control and postinfarction hearts by confocal microscopy. This result and others (26) demonstrate the potential for myocyte proliferation in the stressed heart, although this is still a matter of controversy. However, to date, there has been no single example of a Ki-67-positive cell that cannot divide (28, 41) . Because of the discrepancy between GeneChip and QRT-PCR data, further studies will be required, with larger numbers of subjects and perhaps additional time points, to resolve the issue. However, if confirmed, our demonstration of marked upregulation of Ki-67 antigen suggests that myocyte proliferation may contribute to the increase in myocardial mass after TAC. Alternatively, it is possible that the increased level of Ki-67 is due to the proliferation of other cardiac cell populations, such as fibroblasts, endothelial cells, or vascular smooth muscle cells.
At 3 wk, once the state of stable hypertrophy had been reached, one of the transcripts most significantly (6-fold) upregulated was SFRP3. SFRP3 is a seven-transmembrane receptor with a large extracellular cysteine-rich domain which functions to antagonize Wnt activity by sequestering Wnt and preventing its binding to the frizzled receptor (18) . Previous studies have demonstrate that Wnt/frizzled is involved in the regulation of cell proliferation and differentiation (15) . However, little is known about the role of the Wnt/frizzled pathway in cardiac overload hypertrophy and apoptosis. Recently, Schumann et al. (42) detected expression of SFRP3 in cardiomyocytes by in situ RT-PCR. Comparing samples from failing and nonfailing hearts, they found differential expression of secreted frizzled-related proteins (SFRP3 and 4) in relation to apoptosis-related gene expression. Our microarray data confirms this previous report of cardiac expression of SFRP3 and its potential role in regulating hypertrophic growth. We also detected enhanced expression of cyclin D1 (1.6-fold) and c-Jun (1.8-fold) during TAC. These two components of the WNT/frizzled signaling pathway regulate cell cycle progression and have been shown to be involved in cardiac hypertrophic growth. c-Jun is also a key component of the SAPK/JNK signaling pathway (8, 9) . By demonstrating increased expression of SFRP3, c-Jun, and cyclin D1, our results suggest that chronically overloaded cardiomyocytes might become more susceptible to apoptosis through the activation of Wnt and other signaling pathways.
Finally, we also identified several novel gene families not previously known to increase in expression during the development of stable cardiac hypertrophy. One example is PEDF, a member of the serine protease inhibitor (serpin) family (43) , initially discovered because of its neurotrophic activity. PEDF is produced by retinal cells to maintain angiostasis in the normal vitreous and cornea. A recent study showed that PEDF and thrombospondin-1 (increased 2.9-fold with TAC) are potent natural inhibitors of angiogenesis (46) . The anti-angiogenic activity of PEDF and thrombospondin-1 is dependent on the induction of Fas/FasL and resulting apoptosis, although we did not find upregulation of Fas/FasL during TAC.
Among the several mechanisms invoked in the transition from stable to decompensated cardiac hypertrophy is the loss of cardiomyocytes via the induction of apoptotic pathways (30, 48) . Increased mechanical load has been proposed as a stimulant of cardiomyocyte apoptosis (19) . Condorelli and colleagues (13) showed a dramatic upregulation of the pro-apoptotic gene Bax and reduced Bcl-2/Bax ratio in a rat model of TAC, predisposing cardiomyocytes to apoptosis (13) . Using the GeneChip technique, we detected several differentially expressed genes involved in both pro-and anti-apoptotic pathways even during this compensated phase (Table 6) .
Although only a few apoptosis-related genes passed our selection criteria, they are all key components of well-described programmed cell death pathways, including those mediated by caspases, Fas, TNF, ATM/p53, integrins, MAPK, chemokines, and Wnt. For example, Bourdon et al. (6) showed that apoptosis induced by the p53/Scotin pathway is caspase dependent. Chen et al. (11) demonstrated that Bnip3L is upregulated in myocardial hypertrophy and that the expression of Bnip3L can overcome the effect of the anti-apoptotic BCL2 family. In contrast, the anti-apoptotic protein PEA15 is a death effector domain-containing protein. Kitsberg et al. (23) have shown that PEA15 protects astrocytes from TNF-induced apoptosis. Finally, De Smaele et al. (14) showed that upregulation of Gadd45
␤ blunted the activation of JNKs and suppressed apoptosis (14) . Thus, in the development of cardiac hypertrophy, we found elements of both pro-apoptotic and prosurvival signaling. The relative abundance of these different proteins may determine the balance between survival and death for cells during the transition from stable to decompensated hypertrophy.
Our study has several limitations. First, we only studied three major time points in the development of cardiac hyper- (11) Numbers in brackets represent the fold change. A negative number indicates downregulation. References are given in parentheses for some of the specific genes. TNFrsf1a, tumor necrosis factor receptor superfamily 1a; Pdcd4, programmed cell death 4; PRSS25, serine protease 25; Bnip3L, Bcl2/adenovirus E1B 19-kDa-interacting protein 3-like; Gadd45 ␤ , growth arrest and DNA damage-inducible gene 45, beta; PEA-15, phosphoprotein enriched in astrocytes 15. trophy. At none of these time points was there development of cardiac decompensation, so that the transcription changes associated with this change were not studied. However, the finding of alterations in transcripts associated with apoptotic pathways in our study of "compensated" hypertrophy suggests that these could be targets for future study using more severe degrees of TAC which lead to heart failure. Furthermore, we studied whole hearts rather than isolated left ventricles. We chose this approach to avoid pooling tissues between animals, which we felt was potentially detrimental to the statistical analysis we used. Although the degree of left ventricular hypertrophy with TAC resulted in the very vast majority of the cardiac mass being that of the left ventricle, contamination with right ventricular and atrial tissue could have diluted results for some genes, the expression of which was increased only in the stressed left ventricle. Further studies will be important to elucidate the chamber-specific gene expression changes associated with TAC in the mouse. Finally, our study examines gene changes in the myocardium as a whole; thus the contribution of any individual cell type would obviously require further study.
In conclusion, our results demonstrate that the development and maintenance of myocardial hypertrophy involves a coordinate response between several major gene programs. We also demonstrate the importance of obtaining adequate controls, especially when using in vivo models, given the marked (both rapid and persistent) gene changes associated with experimental procedures such as surgery, anesthesia, and vessel cannulation. GeneChip data have a high level of correlation with data from other methods such as QRT-PCR when the transcript in question is expressed at a relatively high level. Still, correlation of GeneChip results with QRT-PCR is warranted before any definitive conclusions can be drawn. With these caveats in mind, GeneChip analysis of cardiac hypertrophy in mice allows the analysis of genes using a nontargeted approach, will lead to the elucidation of new control mechanisms, and may potentially provide new candidates for pharmacotherapy to prevent the deleterious effects of long-standing cardiac hypertrophy.
